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INTRODUCTION
Microball bearings have potential to offer robust and low friction support in micromachines, such as micromotors and microengines. A careful study on their microtribological behavior is necessary for proper design and effective control of micromachines based on such bearings. A linear microball bearing structure was proposed and its static coefficient of friction (COF) measured by Ghodssi et al [1] . A vision-based experimental setup was developed to study the dynamic friction of linear ball bearings by Lin et al [2] , where the underlying friction model consisted of the Coulomb friction only.
As a continuation of the work in [2] , this paper contains indepth characterization and understanding of the microtribological behavior using infrared imaging, scanning electron microscopy (SEM) imaging, and analysis. The contributions of this paper include: a) verification of rolling motions of microballs by directly observing trajectories of all bearing elements (stator, slider, balls); b) observation of the hysteresis between the friction and the relative velocity; and c) investigation of the influences of the ball number and oxide formation on the frictional behavior.
EXPERIMENTAL SETUP
A schematic of linear microball bearings is shown in Fig.1 . The bearing consists of two silicon plates (slider and stator) and stainless steel microballs of diameter 285 µm. Two parallel Vgrooves, which house the balls, are etched on the plates using potassium hydroxide (KOH). In the experiments the stator of the bearing is mounted on an oscillating platform driven by a servo motor. The only force acting on the slider is the friction applied by the microballs. By collecting motion data of the bearing elements through a CCD camera, one can infer the friction dynamics inside the system. For a more detailed description of the basic setup, see [2] . Several improvements have been made to upgrade the system reported in [2] . A camera (Sony DCR-TRV22) with night-shot mode, a finepositioning stage, a 24 X magnification lens, and a halogen bulb as an infrared source enable one to see through the slider and observe the microballs closely. Figure 2 shows a picture of the experimental setup. 
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EXPERIMENTAL RESULTS AND DISCUSSIONS

Rolling Motion
Low friction in ball bearings arises from the rolling motion of the balls. Hence it is of interest to study whether the microballs roll (instead of slip) in microball bearings. Consider Fig. 3 . The condition for the ball to roll on both surfaces is that the relative velocities at the contact points A and B are zero.
Let ω be the angular velocity of the ball and r be its radius. Let In our experiments it is difficult to fully verify the rolling motion of the balls since their angular velocities cannot be derived from the 2D images. However, one can verify the second condition V p =2V b using the available information, as described below.
For tracking of all the bearing elements different marks were also etched close to the V-grooves on the slider and the stator. Figure 4 shows an infrared image taken under the nightshot mode when the setup is stationary. The different shapes of the stator marks, slider marks, and projection images of balls can be recognized through image processing, which provides the absolute locations of these elements. Figure 5 shows an image where the bearing elements are in motion, and it is blurred due to the relatively low capturing rate of the camera (30 frames/second), which is the major source of measurement error. In this experiment the exact trajectory of the stator can be pre-determined. By comparing this with the measured trajectory obtained through image processing, we calculated the average position measurement error to be 16 µm, and the average error in the velocity to be 1 mm/s (and hence the error in relative velocity is 2 mm/s). Figure 6 shows the trajectories of the stator, the slider, and the two balls (ball 1 and ball 2), where the excitation frequency of the stator is 3 Hz. Figure 7 compares the relative velocity of the slider and twice of those of ball 1 and ball 2 (all with respect to the stator)(top plot and middle plot), and shows their errors (bottom plot). It can be seen that most of the time the errors lie in the range of measurement tolerance, which strongly indicates that the balls roll on both contact surfaces at those times. However, both errors at t = 1.3s exceed the tolerance level, which is an indication of some impact. This is further verified by the sudden change of the slider's acceleration (namely the frictional force normalized by the slider mass), as shown in Fig. 8 . Figure 9 shows the evolution of the measured distance between ball 1 and ball 2. Taking into account the measurement error, it can be seen that the inter-ball distance varies. The reason behind this is the imperfect wall surfaces of the Vgrooves. The KOH etching process leaves level jumps and hillocks on the walls, which prevents balls from uniform, 
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Hysteresis
Classical frictional models typically express the frictional force as a static function of the relative velocity between the contact surfaces, which may include the static friction, Coulomb friction, Stribeck friction, and viscous friction [3] [4] [5] . The Dahl model describes the friction in the stiction regime (also called presliding regime or micro-slip regime) in terms of the micro-displacement [6] . The relationship between the friction and the displacement can be hysteretic [7] . A dynamic friction model (called LuGre model) was presented in [8] with an internal state representing the average deflection of contacting asperities. This model demonstrated, among other properties, the hysteresis between the friction and the sliding velocity for unidirectional sliding (i.e., no velocity reversal). It is extended in [7] so that the presliding hysteresis is accounted for explicitly. The friction-velocity hysteresis was also reported in [9] for unidirectional, unsteady sliding velocities and modeled through a time lag. Similar hysteresis behavior was studied for a forced oscillator with a compliant contact [10] . The experimental results reported in [7] [8] [9] [10] were all based on macroscopic machines or systems.
The friction-velocity hysteresis is also observed in linear microball bearings. Figure 12 depicts the normalized friction (i.e., slider acceleration) versus the relative velocity of the slider with respect to the stator (3 cycles plotted), where the hysteresis is evident. While an in-depth understanding and modeling of this phenomenon is underway, the strong adhesion force (comparing to the gravity) experienced by the microballs may play a role here. The adhesion force acts as a nonlinear spring at (relative) velocity reversals, and its interaction with the oscillating stator can lead to hysteresis [10] . Figure 13 shows a microball sticking to the V-groove sidewall on the slider. The slider is almost perpendicular to the horizontal plane. This demonstrates the magnitude of adhesion force in comparison with the gravity.
Factors Affecting the Friction
The effects of the number of balls, and the native oxide formation on friction are investigated.
Number of Balls
More balls tend to provide better contact between the slider and the stator. However, it makes the V-grooves more crowded and creates more ball to ball or ball to end-wall collisions, thus rendering the contact dynamics more complicated. Figure 14 shows the comparison of normalized friction trajectories for the cases where 3 balls per groove and 6 balls per groove were used, respectively, with an excitation frequency of 2 Hz. It can be seen that with 6 balls per groove the friction level shows much more variation. This brings up two interesting issues in design and control: a) optimal number of balls given the bearing geometry; and b) adaptive identification of friction model parameters. 
Oxide Formation
It has been observed that the magnitude of friction varies significantly from time to time. A more careful study reveals that the friction depends strongly on how long the bearing has been exposed to the air. In all the experiments performed, the ambient temperature was about 25 °C and the relative humidity was about 40%. We first let the bearing sit for hours and then performed an experiment to measure the friction. The slider was then gently rubbed against the stator manually for 5 seconds, and the same friction experiment was conducted. Figure 15 compares the measured friction in the two experiments, and one can see that in the latter the friction was much lower and more regular. The reduction of friction is believed to arise from partial removal of the native oxide on the contact stripes. Figures 16 and 17 show the SEM images of the contact stripe before and after rubbing. The experiments suggested that native oxide growth may prevent the bare-silicon bearing from achieving very low and consistent friction. Therefore, an appropriate coating (e.g., diamond or silicon carbide) on the bearing surface would be necessary for long-term, steady performance of these microball bearings.
CONCLUSIONS
In this paper infrared imaging-based tribological study is reported for a linear microball bearing. Dynamics of the bearing elements were directly observed, measured, and analyzed. General rolling motion was verified leading to low average friction. Occasional micro-slip and impacts on balls were also recorded. Other interesting phenomena, such as the friction-velocity hysteresis, and the influences of several factors on friction were presented. Several design and control issues were raised along with the discussions. For future work, the use of a high speed, infrared camera (>500 frames/second) would
